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The concentration of extracellular potassium (K+) impacts 
the functions of virtually all cells.1 Deviations beyond a 
narrow range of K+ concentrations can have clinical con-
sequences that include cardiac arrhythmias and sudden 
death.2 Recent studies also suggest that the extracellular K+ 
concentration could influence sodium (Na+) reabsorption in 
the kidney through K+-dependent phosphorylation of the 
Na+ chloride cotransporter3,4 as well as phosphorylation of 
the ligand-binding domain of the mineralocorticoid recep-
tor.5 Regulation of the prevailing K+ concentration could 
have relevance to a range of biologic functions.
Aldosterone plays a pivotal role to reduce the concentra-
tion of K+. It targets the distal nephron where it increases 
K+ secretion. Also, K+ is a potent stimulus of aldosterone 
production,6 an effect enhanced by angiotensin II,7 which 
increases when extracellular fluid volume (ECFV) declines. 
Thus, the plasma aldosterone concentration (PAC) is a prod-
uct of stimulation by K+ and angiotensin II with both to dif-
ferent degrees linked to ECFV.8 The overall response to the 
different signals could be a steady-state concentration of K+.
In a previous cohort study, we showed that Blacks when 
compared to Whites had a lower PAC.9 Because of this eth-
nic difference, we sought to examine in the same cohort the 
relation of the K+ level to the prevailing PAC. We hypoth-
esized that a lower PAC in Blacks is not necessarily accom-
panied by a higher concentration of K+.
METHODS
Subjects and study design
The current report was based on data generated by a 
long-running prospective observational study of Blacks and 
Whites that started in 1986. The study protocol and subject 
characteristics are described in detail elsewhere.9,10 Briefly, 
healthy Black children and White children between 5 and 
17 years of age were recruited from schools in Indianapolis, 
Indiana. Children with renal or cardiac disease, hyperten-
sion, diabetes mellitus, or taking medications that could 
affect parameters being measured including BP were 
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excluded from participation. Subjects were followed pro-
spectively at intervals of 6 months. Urine samples were col-
lected overnight. Blood samples were drawn between 0800 
and 1000 hours after sitting for 15 minutes.
For most subjects studied in childhood, follow-up discon-
tinued when they left high school. In 2008, the same sub-
jects were invited to return for further assessments as adults. 
Reassessments occurred every 6  months up until the year 
2013. The data collection protocol was the same except for 
the blood sampling, which now took place at every visit. 
Subjects studied only in childhood were excluded from the 
current study. Data from 37 individuals who were receiv-
ing antihypertensive medication were excluded from the 
analysis. The study protocol was approved by the Indiana 
University Institutional Review Board. Consent was obtained 
from all adult subjects and from parents of children under 
18 years; assent was obtained from children as appropriate.
Assay procedures
Collected blood samples were used to measure the levels 
of plasma renin activity (PRA) and plasma aldosterone. PRA 
was measured with a Clinical Assays GammaCoat radioim-
munoassay kit (Baxter Healthcare, Cambridge, MA) and 
aldosterone by radioimmunoassay with antiserum from 
Diagnostic Products Corp. (Los Angeles, CA). Na+ and K+ 
concentrations in the plasma, and urinary excretion rates 
were determined using flame photometry.
Data analysis
Subjects were classified by self-identified ethnicity catego-
ries. We had previously validated the self-reported ethnic-
ity by comparing the genetic admixture of the DNA samples 
of our subjects to those of 7 known ethnic groups in the 
HAPMAP Phase 3 data.11 We found that the self-reported 
ethnicity information from our study had excellent accu-
racy.12 We summarized the demographic and clinical char-
acteristics of the study participants by ethnicity. Continuous 
variables were compared using t tests and skewed data were 
transformed before analysis and geometric means were 
reported. Categorical variables were compared using chi-
square tests. All available measures were used in the calcula-
tion of the summary statistics.
We first calculated the mean values of PRA, PAC, and 
plasma K+ for the child cohort and the adult cohort. 
Considering the wide age range of the study subjects and 
age-related variations in PRA, PAC, and plasma K+ concen-
tration, we compared the mean levels of these measurements 
in Blacks and Whites in 3 age groups: less than 20  years, 
20–30 years, and greater than 30 years of age. We then used 
varying-coefficient regression models to examine the associ-
ation between plasma K+ concentration and PAC at different 
ages. Varying-coefficient models allowed us to characterize 
the effect of K+ on PAC at specific ages.13 In the current study, 
regression analysis was performed using PAC as the response 
variable; the regression coefficient of plasma K+ was modeled 
as a function of age, implying that the effect of an increase in 
K+ on aldosterone production could vary with age; separate 
estimates were obtained for Blacks and Whites. The analysis 
also adjusted for the effects of sex, body mass index, level of 
PRA, and rates of urinary Na+ and K+ excretion by including 
them as covariates. Estimated K+ effects on PAC were dis-
played graphically with corresponding 95% confidence inter-
vals. The analysis was implemented using R software (R Core 
Team (2013). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. URL http://www.R-project.org/). P values less than 
0.05 were considered statistically significant.
RESULTS
The analysis used data generated from 1,116 samples col-
lected from 431 subjects (160 Blacks and 271 Whites). The 
basic demographic and clinical characteristics of subjects 
are presented in Table 1. In the child cohort, the mean ages 
of Blacks and Whites (~15 years) were not significantly dif-
ferent. Systolic and diastolic blood pressures and body mass 
index (with or without their expression as percentiles) were 
significantly greater in Blacks than in Whites (P < 0.0001 to 
P = 0.041). Plasma K+ concentrations in children were simi-
lar in Blacks and Whites, 4.26 and 4.20 mmol/l, respectively. 
In children, the mean level of PRA was lower in Blacks than 
Whites (2.24 vs. 2.61 ng/ml/h; P = 0.035). The average PAC 
was also lower in Blacks than Whites (7.11 vs. 11.32 ng/dl; 
P < 0.0001).
In the adult cohort, Whites were slightly older than Blacks 
(32.2 vs. 30.5  year; P  =  0.0002). Systolic and diastolic BPs 
were not statistically different between Blacks and Whites, 
but on average Blacks had greater body mass index than 
Whites (31.7 vs. 27.9 kg/m2; P = 0.0003). Mean plasma K+ 
concentrations were nearly identical in Blacks (3.79 mmol/l) 
and Whites (3.81  mmol/l). Levels of PRA and of plasma 
aldosterone were significantly lower in Black adults than 
White adults: for PRA, 0.69 ng/ml/h in Blacks vs. 1.16 ng/
ml/h in Whites (P < 0.0001); for PAC: 4.25 ng/dl in Blacks vs. 
6.44 ng/dl in Whites (P < 0.0001).
Age-related changes in PRA, PAC, and plasma K+
Examining the age-related variations, we calculated mean 
values of PRA, PAC, and plasma K+ concentration in Blacks 
and Whites within predefined age ranges. Comparative 
results are presented in Figure 1. The analysis showed that: 
(i) PRA, PAC, and plasma K+ concentration decreased with 
age regardless of ethnicity; (ii) In all age ranges, Blacks had 
lower PRA and PAC than Whites, but nearly identical plasma 
K+; P values are presented in Figure 1.
Regression analysis showed that PAC decreased with age 
in both ethnic groups at the rate of approximately 0.1 ng/dl 
per year in Blacks and 0.3 ng/dl per year in Whites. At any 
given age, Whites had significantly higher PAC than Blacks 
(P < 0.01). A similar analysis showed that the plasma con-
centration of K+ decreased with age in both Blacks and 
Whites at approximately the same rate of 0.2–0.3 mmol/l 
per decade. At any given age, the mean K+ level in each 
ethnic group was virtually identical (P  =  0.60 per linear 
regression model).
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Urinary Na+ and K+
In children, urinary Na+ excretion rates were marginally 
different between Blacks and Whites (Blacks 0.120 vs. Whites 
0.123 mmol/mg creatinine; P = 0.064). Black children had 
lower urinary K+ excretion than White children (0.027 vs. 
0.032 mmol/mg creatinine; P < 0.0001). In adults, Na+ excre-
tion rates were similar between the 2 ethnic groups (Blacks 
0.078 vs. Whites 0.082  mmol/mg creatinine; P  =  0.236). 
Black adults had a significantly lower level of urinary K+ 
excretion than White adults (0.018 vs. 0.021  mmol/mg 
creatinine; P < 0.0001).
A comparison between ethnic groups of the association of 
plasma K+ concentration with PAC
Finally, we assessed the relations between plasma K+ concen-
tration to PAC at different ages in Blacks and in Whites. Results 
were adjusted for sex, body mass index, urinary Na+ and K+, and 
PRA. The estimated effects of plasma K+ on PAC are presented 
in Figure 2. The analysis showed first of all that the plasma K+ 
concentration was positively associated with PAC in both ethnic 
groups (all P < 0.0001) as evidenced by the positive values of the 
regression coefficients at all ages. Secondly, at any given age the 
plasma K+ concentration had a greater effect on PAC in Whites 
than in Blacks (P < 0.001). The ability of plasma K+ concentra-
tion to influence aldosterone production decreased with age in 
both ethnic groups. Analysis also showed that female sex, higher 
levels of PRA, and lower levels of urinary Na+ excretion were 
associated with higher PAC (P < 0.0001). Greater K+ excretion 
was marginally associated with increased PAC (P = 0.063).
DISCUSSION
In the present study, we found that regardless of the differ-
ences in PAC, with lower levels in Blacks, the K+ concentra-
tion was on average the same in Blacks and Whites. Blacks 
may depend more on an expanded ECFV to reach the correct 
K+ level. Expansion of ECFV leads to disposal of K+ by first 
reducing reabsorption of Na+ proximally in the nephron14 
followed by delivery of Na+ downstream where it promotes 
K+ secretion.15 We also found that the association of the 
plasma K+ concentration with PAC was attenuated in Blacks 
in comparison to Whites (Figure 2); Blacks reached the same 
Table 1. Demographic and clinical characteristics of the study subjects (PRA uses geometric means)
Variable Full sample Blacks Whites P value
Characteristics of the children at the time of measurement
 N 302 98 204
 Age (years) (range: 5–17) 14.06 (0.10) 14.27 (0.20) 13.95 (0.12) 0.1807
 Systolic BP (mm Hg) 105.58 (0.37) 106.99 (0.64) 104.79 (0.45) 0.0041
 Systolic BP % 39.28 (0.87) 42.72 (1.56) 37.37 (1.03) 0.0028
 Diastolic BP (mm Hg) 62.60 (0.29) 63.67 (0.49) 62.02 (0.35) 0.0052
 Diastolic BP % 47.05 (0.73) 49.33 (1.30) 45.81 (0.87) 0.0203
 BMI (kg/m2) 21.86 (0.22) 23.79 (0.43) 20.73 (0.21) <0.0001
 BMI % 64.38 (1.20) 73.12 (1.84) 59.26 (1.49) <0.0001
 Plasma K (mmol/l) 4.22 (0.03) 4.26 (0.08) 4.20 (0.02) 0.3569
 PAC (ng/dl) 9.58 (0.34) 7.11 (0.45) 11.32 (0.44) <0.0001
 PRA (ng/ml/h) 2.47 (0.09) 2.24 (0.14) 2.61 (0.10) 0.0354
 Urine K (mmol/mg Cr) 0.031 (0.021) 0.027 (0.018) 0.032 (0.022) <0.001
 Urine Na (mmol/mg Cr) 0.122 (0.066) 0.120 (0.064) 0.123 (0.067) 0.0641
Characteristics of the adults at the time of measurement
 N 233 93 140
 Age (year) (range: 20–39) 31.73 (0.25) 30.54 (0.41) 32.45 (0.30) 0.0002
 Systolic BP (mm Hg) 117.29 (0.71) 118.05 (1.17) 116.83 (0.90) 0.3978
 Diastolic BP (mm Hg) 74.68 (0.58) 75.73 (1.02) 74.05 (0.69) 0.1588
 BMI (kg/m2) 29.35 (0.51) 31.74 (0.85) 27.92 (0.61) 0.0002
 Plasma K (mmol/l) 3.81 (0.01) 3.79 (0.02) 3.81 (0.02) 0.5087
 PAC (ng/dl) 5.40 (0.24) 4.25 (0.30) 6.44 (0.34) <0.0001
 PRA (ng/ml/h) 0.94 (0.05) 0.69 (0.06) 1.16 (0.07) <0.0001
 Urine K (mmol/mg Cr) 0.020 (0.013) 0.018 (0.009) 0.021 (0.015) <0.0001
 Urine Na (mmol/mg Cr) 0.080 (0.045) 0.078 (0.041) 0.082 (0.047) 0.2364
Abbreviations: BMI, body mass index; BP, blood pressure; PAC, plasma aldosterone concentration; PRA, plasma renin activity.
Figure  1. Plasma renin activity (PRA), the plasma aldosterone concentration (PAC), and the plasma K+ concentration in Blacks and in Whites. (a) 
Distributions of PRA in Blacks and Whites by age. PRA was lower in Blacks than in Whites regardless of age (P < 0.05 for all age categories). (b) Distributions 
of PAC in Blacks and Whites by age. PAC was lower in Blacks than in Whites in all age categories (P < 0.003). (c) Distributions of plasma K concentration in 
Blacks and Whites by age. No ethnicity differences were detected.
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K+ concentration but with a lower PAC. The levels of angio-
tensin II would be expected to be lower in Blacks, thereby 
reducing its synergistic influence on K+ as a stimulus.7
Although findings from the present study are consistent 
with ECFV being decidedly influential in establishing the 
plasma concentration of K+, we did not have direct estimates 
of ECFV, which we recognize as a limitation. However, previ-
ous studies16 found that on average ECFV was greater in Blacks 
than Whites. There is also a large body of evidence that stands 
in support of Blacks having a more expanded volume includ-
ing very early studies showing lower PRA levels and greater 
salt sensitivity of blood pressure in Blacks than in Whites.17–19
Figure 2. The estimated effects of an increase in the K+ concentration on PAC at different ages in Blacks (a) and Whites (b). At any age, the estimated 
effect of K+ concentration on PAC was much less in Blacks. For example at age 15, 1 mmol/l increase in K+ was associated with 1.6 and 2.7 ng/dl increase 
of PAC, respectively, in Blacks and Whites. Abbreviations: PAC, plasma aldosterone concentration.
Figure  1. Plasma renin activity (PRA), the plasma aldosterone concentration (PAC), and the plasma K+ concentration in Blacks and in Whites. (a) 
Distributions of PRA in Blacks and Whites by age. PRA was lower in Blacks than in Whites regardless of age (P < 0.05 for all age categories). (b) Distributions 
of PAC in Blacks and Whites by age. PAC was lower in Blacks than in Whites in all age categories (P < 0.003). (c) Distributions of plasma K concentration in 
Blacks and Whites by age. No ethnicity differences were detected.
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Our subjects were studied when they were children and 
again as young adults, allowing us opportunity to look at 
relationships to age. The plasma concentrations of both K+ 
and aldosterone declined over time, possibly from an age-
related expansion of the ECFV. The ethnic differences in 
PAC persisted as age increased whereas K+ levels in Blacks 
and Whites were always the  same. Had comparisons not 
been made within limited age ranges ( as children and as 
young adults),  the similarities in K+ concentrations between 
ethnic groups could easily have been missed.
Finally, an earlier study of the current cohort showed that 
BP in Blacks but not in Whites was significantly related to PAC, 
referred to as “aldosterone sensitivity.12” As PRA decreased, 
aldosterone’s influence on BP became stronger, consistent 
with sensitivity from an expanded ECFV. In the present study, 
Blacks were more sensitive than Whites to a given PAC: less 
aldosterone was required by Blacks to maintain the same con-
centration of K+ observed in Whites. This could be but still 
another example of greater sensitivity to aldosterone that we 
speculate resulted from an underlying expansion of ECFV.
In conclusion, studies of 2 ethnic groups with differ-
ent average PAC but similar K+ concentrations lead us to 
speculate that maintaining a more or less fixed extracellu-
lar concentration of K+ places an added consideration to the 
regulation of aldosterone production.
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Figure  3. Speculative mechanism whereby the extracellular potassium 
(K+) concentration remains constant despite differences in extracellular fluid 
volume (ECFV). An expanded ECFV results in 2 opposing influences on the 
plasma K+ concentration. As depicted on the left side of the figure, as vol-
ume expands, there is a reduction in sodium (Na+) uptake in proximal tubule 
with subsequent delivery of additional Na to cortical collecting duct where it 
increases activity of the epithelial Na+ channel (ENaC, depicted as rectangle 
with broken lines). An increase in ECFV also suppresses angiotensin II (Ang 
II) generation, which reduces its synergism with K+ in the adrenal’s produc-
tion of aldosterone. This then decreases aldosterone-mediated activation of 
ENaC. Secretion of K+ is coupled to the different directions taken by ENaC 
activity resulting in no net change in K+ concentration. The opposite occurs 
when there is a deficit in ECFV (right side of figure).
